A feeding trial using self-feeders was conducted to examine the ability of juvenile rainbow trout Oncorhynchus mykiss to voluntarily control their dietary intake of energy. A low-energy (LE) diet and three high-energy (HE) diets containing additional amounts of either protein (fish meal and casein, HP), fat (fish oil, HF) or digestible carbohydrate (dextrin, HC) to the LE diet, were prepared. Each diet was fed by self-feeders to four groups of 10 fish (initial weight: 85 g/fish) stocked in 60 L tanks under the following conditions for 8 weeks: photoperiod 14L:10D, water temperature 16∞C, and reward level 0.25 g/activation. Percentage weight gain of the LE diet group was not different (P >0.05) from the three HE diet groups, but that of the HF diet group was significantly lower (P <0.05) than the HP and the HC diet groups. Feed efficiency of the HP and the HC groups was significantly higher than the LE group. Voluntary dry feed intake (per cent body weight per day,% BW/day) and gross energy intake (kJ/kg BW/day) tended to be high in the LE group and low in the HF group; however, digestible energy (DE) intake was not different among treatments. These findings indicate that rainbow trout voluntarily control DE intake per unit body weight irrespective of dietary energy content and energy source.
INTRODUCTION
Although most nutritional studies of fish have been conducted by hand feeding, it has been suggested that fish, like terrestrial animals, control their intake of different energy-level foods. [1] [2] [3] [4] In other words, fish increase consumption of low-energy food relative to high-energy food to satisfy their energy needs and to attain identical growth. In contrast, self-feeding devices for fish have often been used in the field of fish biology. [5] [6] [7] These devices are also efficient tools for studying voluntary intake of feeds and nutrients in fish. [8] [9] [10] [11] Some recent studies using self-feeders have revealed that fish voluntarily control energy intake in a way that matches the energy content of a given diet. Boujard and Médale 12 compared the intake of two energy-level diets by rainbow trout Oncorhynchus mykiss, by means of both hand and self-feeders. They found that digestible energy (DE) intakes from both diets did not differ, regardless of the feeding strategies. Paspatis and Boujard 13 also demonstrated that voluntary DE intakes from both low-and high-energy diets by Atlantic salmon Salmo salar did not differ. In contrast, Alanärä 8 reported that bite activity at self-feeders by rainbow trout increased as dietary energy level increased. Thus he concluded that rainbow trout did not voluntarily adjust energy intake from different energy-level diets. In a review, Alanärä 14 suggested that differences in rearing conditions (fish size and stocking
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Oncorhynchus mykiss, using self-feeders (Table  1) . Chromic oxide was included as an inert reference substance to determine indirectly the nutrient digestibility. All the ingredients were thoroughly mixed, moistened by addition of water (10% of the total weight of the ingredients), and then made into pellets (approximately 3.2 mm in diameter) using a laboratory pellet mill (CL-2; California Pellet Mill Co., USA). The pellets were dried at 60°C for 5 h, and stored at -20°C until fed to the fish. The analyzed gross energy contents were higher only in the HF diet, while the other diets were similar, as each additional macronutrient replaced the same amount of cellulose in the LE diet.
Fish and feeding
Fingerling rainbow trout with an initial mean weight of 5.6 g were transferred from the Shiga Prefectural Samegai Trout Farm, Shiga, Japan, to the Inland Station of the National Research Institute of Aquaculture, Mie, Japan. The fish were initially hand fed a commercial trout feed (Nippon Formula Feed Mfg. Co. Ltd, Japan) supplemented with pollock visceral oil (5% of the feed) twice per day for 7 months at 15°C. The fish were then sorted to a uniform size (approximately 75 g/fish), and 12 fish were placed into each of 16 polyvinyl chloride tanks (33 ¥ 60 ¥ 35 cm, holding 60 L of water). Each tank was supplied with flow-through well water (16.3 ± 0.3°C throughout the entire feeding trial) at a flow rate of 1.5 L/min. Illumination was provided by overhead fluorescent lamps at a mean light intensity of 2800 lux at the water surface. The photoperiod was set at 14 h light: 10 h dark cycle by an electronic timer. A self-feeder consisted of a modified commercial electric feeder for pet fish (Food Timer, Seiko Co., Japan) with a rotating food container, and a tactile sensor D5B-5511 (Omron Co., Japan) mounted with a stainless-steel bar with a rubber tip at the end. 10 A single feeder was installed in each tank. The sensor was suspended approximately 3 mm above the water surface to avoid unintentional activation by the fish. The fish were acclimated to the selffeeder for 3 weeks with a commercial feed. During the density) in the three abovementioned studies were the cause of the different conclusions. Since dietary formulations differed in these three studies, we thought this might have also been one of the causes of the discrepancy in their results. The high-energy diets in the studies by Boujard and Médale 12 and Paspatis and Boujard 13 were prepared by increasing fat and digestible carbohydrate levels in the low-energy diet, whereas the high-energy diets in the study by Alanärä 8 were prepared by spraying fat onto the standard low-energy diet.
To determine whether trout voluntarily control dietary energy intake in this study, we prepared one lowenergy diet and three high-energy diets. The additional energy contents in the high-energy diets were provided either by protein, fat or digestible carbohydrate. Each of the four diets was fed to four groups of juvenile rainbow trout for 8 weeks by self-feeders. We also measured the digestible protein and energy content of the experimental diets by an indirect method, using fecal collection tanks and by hand feeding.
MATERIALS AND METHODS
Diets
Formulations and the proximate compositions of the experimental diets are shown in Table 1 . White fish meal (Nippon Suisan Kaisha Ltd, Japan) and vitamin-free acclimation period, the fish were allowed to obtain feed pellets during the light-phase (14 h) by an electronic timer. After acclimation, all fish were weighed and the fish number per tank was adjusted to 10. Ten fish were randomly sampled from the removed fish and stored at -20°C for proximate analysis. During the experimentaldiet feeding trial, each diet was used in four tanks (4 replicates/treatment), and fish were allowed to obtain the diets all day (24 h). The reward level of each diet was adjusted to approximately 0.25 g (six to seven pellets, 0.03% initial BW) per activation. Activation of the sensor and the subsequent rotation of the food container were continuously recorded by a computer using the Chronobiology Kit (Stanford Software Systems, USA). Daily feed consumption was recorded as the decrease in weight of the food container. After 8 weeks of experimental feeding, all fish were weighed again, and four fish per tank were randomly sampled and stored at -20˚C until chemical analysis. Before weighing, the fish were starved for 48 h.
Fecal collection
A trial for measuring digestibility of protein and energy in the experimental diets was separately carried out according to the method described in Yamamoto et al. 15 Eight groups of 15 fish (mean weight of approximately 80 g) were each placed in a 50 L conical tank with a sediment trap for fecal collection (see Yamamoto et al. 15 ). Each experimental diet was hand fed to duplicate groups until near satiation, two times per day. Feces were collected for 5 days, and those from the same tank were pooled and freeze-dried.
Analysis
The sampled fish were dissected and divided into the visceral portion (from stomach to rectum, including the liver and adipose tissues) and the other tissues (carcass). The 10 initial samples and four final samples from each tank were pooled separately, and homogenized using a mincing machine and a Polytron (Kinematica, Switzerland). The experimental diets and the body samples were subjected to proximate analysis. Moisture content was determined by drying at 110°C for 8 h, and ash content by heating at 600°C for 5 h. Nitrogen content was determined by the semi-micro Kjeldahl method, and crude protein content was estimated as N ¥ 6.25. Fat was extracted using a Soxhlet device (Ex-Fat; Nippon General Co. Ltd, Japan) with diethylether as the solvent. Gross energy contents in the diets and the feces were analyzed using a bomb calorimeter (CA-4PJ; Shimadzu Co. Ltd, Japan). Chromic oxide content was determined according to the method of Furukawa and Tsukahara. 16 The effect of dietary treatments on nutrient digestibility, growth, feed intake parameters and body composition was analyzed by one-way anova. When significant differences were indicated (P <0.05), Fisher's PLSD test was performed to identify which treatment means were different at the probability level of P <0.05. For all statistical analyses, a StatView program ® (SAS Institute Inc., USA) was used.
RESULTS
Values for the experimental diets of apparent crude protein (CP) and gross energy (GE) digestibility, and digestible protein (DCP) and energy (DE) content are given in Table 2 . The digestibility values of CP for all four diets were similar at around 91% (P >0.05). In contrast, dietary GE digestibility varied among treatments and ranged from 73% (LE diet) to 89% (HP diet), which seemed negatively related to the amounts of cellulose in the diets. Thus, DCP content was higher in the HP diet than in the other three diets, which had similar DCP levels. The DE contents of the HP, HF and HC diets were similar and 20 to 30% higher than the LE diet.
During the feeding trial, all treatment groups showed a diurnal feeding pattern, and they fed intermittently during the light phase. No specific feeding pattern was observed in relation to the dietary treatments. Uneaten Table 2 Apparent protein and energy digestibility of the experimental diets by juvenile rainbow trout determined by hand feeding group, and gradually decreased in descending order in the HC, HP and HF groups. CP intake (g/kg BW/day) was the highest in the HP group, and decreased in descending order in the LE, HC and HF groups. A similar trend to the CP intake was also observed in the DCP intake. The GE intake (kJ/kg BW/day) of the LE group was the highest and the values among the three HE diet groups were not significantly different. However, DE intakes of all four treatment groups were not significantly different. Proximate compositions of the initial and the final fish tissues are shown in Table 4 . Proximate compositions of the final carcass were similar across treatments except feed pellets were rarely observed in the tanks and drains.
Growth and feed performance of the fish are shown in Table 3 . During the feeding trial, no mortality was recorded. Percentage weight gains of the fish fed the LE diet did not differ (P >0.05) from the three HE diet groups. However, the value of the HF diet group was significantly lower (P <0.05) than the other two highenergy diet groups (HP and HC). Feed efficiency ratios of the HP and HC groups were significantly higher than the LE group, although the efficiency of the HF group did not differ from the LE group. Daily dry feed intake per body weight (% BW/day) was the highest in the LE Table 3 Growth and feed performance of juvenile rainbow trout fed diets with different energy levels and energy sources using self-feeders 1 See footnote 1 of Table 1 . 2 Total fish weight per number of fish. 3 100 ¥ (final fish weight -initial fish weight) per initial fish weight. 4 100 ¥ (final fish weight -initial fish weight) per total dry feed intake. 5 Dry matter intake. Table 4 Proximate compositions (%) of carcass and viscera of juvenile rainbow trout fed diets with different energy levels and energy sources using self-feeders for crude fat content, which had a slightly higher value in the HF group. In the viscera, crude fat content of the HF group was much higher than the other treatment groups.
DISCUSSION
In this study, unit DE intakes (kJ/kg BW/day) of juvenile rainbow trout self-fed different energy-level diets did not differ in laboratory conditions, consistent with the previous findings of Boujard and Médale 12 and Paspatis and Boujard. 13 In the present study, we used three highenergy diets that contained either protein, fat or digestible carbohydrate as additional energy sources to the low-energy diet. As a result, the LE diet self-fed group increased the feed consumption compared to the HE diet groups, and each HE diet self-fed group controlled the consumption regardless of the additional energy sources, to meet their DE needs. In our previous studies on macronutrient self-selection in goldfish and rainbow trout, 10, 11 there seems no inflection of the DE intakes between the periods of self-feeding the complete diet and self-selecting three pure macronutrient diets. In this study, we measured the DE contents of the diets, even though they were determined by hand feeding. In our laboratory, energy and nutrient digestibility values of a certain practical-type diet are being compared between hand feeding and self-feeding, and it has already been found that energy and nutrient digestibility values in trout are not different between the feeding manners (Yamamoto T, Shima T, Furuita H, Suzuki N & Shiraishi M, unpubl. data). Therefore, the ability of rainbow trout to voluntarily control DE intakes from different diets would have been more accurately revealed in this study.
The fish fed the HC diet had comparable growth and feed efficiency to the HP diet group (Table 3) . A diet with similar digestible carbohydrate inclusion (30%) has been shown to have no marked adverse effect on trout performance. 3 However, nutrient utilization was depressed by including raw starch rather than gelatinized starch. 3, 17 Hung and Storebakken 18 found that inclusion of raw starch in trout feed depressed the growth and nutrient utilization in an experiment where fish were hand fed four meals daily; however, these parameters were markedly improved when fish were continuously fed with an automatic feeder. They suggested that the effect of overloading a-amylase capacity to hydrolyze raw starch in the intestine, caused by a large dose of feed at one time, be moderated by continuous feeding. Accordingly, feeding carbohydrate ingredients to trout with self-feeders, where trout show intermittent feeding, would improve utilization of carbohydrates as opposed to manual meal-feeding.
The growth and feed efficiency of trout using selffeeders are slightly lower in this study than the reported values of Alanärä 8 and Boujard and Médale. 12 The voluntary daily feed intakes from different energy-level diets in this study (1.1-1.5% BW/day) were also lower than that found by Boujard and Médale (2.2-2.6%), 12 but were higher than the levels in Alanärä (0.9-1.2%). 8 According to the daily feeding guide of the National Research Council (1993), 19 a 100 g trout consumes 5.5 kcal (230 kJ/kg BW) DE per day at 15°C, which is identical to the present results (208-234 kJ/kg BW). Takeuchi, 20 and Sakaguchi and Hamaguchi 21 observed that absorption or digestibility of the oxidized oil in fish was low. In this study, although the energy digestibility value of the HF diet was lower than those of the HP and the HC diets (Table 2) , it is apparently due to the higher cellulose level of the HF diet, as in the case for the LE diet. Therefore, the possible influence of oxidized oil in the diets may be excluded from the results. Thus, other factors, such as stocking density, reward level and physiological fish condition, may have influenced the nutrient utilization and fish growth. To prevent unintentional contacts with the sensor, the top of the sensor in this study was suspended above the water surface, after Boujard and Leatherland. 22 This might have stressed the fish, but there is no ready explanation for it.
The HF diet group showed the lowest growth among treatments (Table 3 ). This disagrees with the findings that fish decrease intake of high-energy diet to levels where their growth is identical to that of low-energy diet fish, both from studies of feeding by hand 1, 3, 17 and by selffeeders. 12, 13 The HF treatment group in this study had high fat deposit levels in the viscera and, to a lesser extent, in the carcass (Table 4 ). In addition, the feed efficiency ratio of the HF diet group was lower than the other HE diet groups. These findings show that trout fed the HF diet could not effectively utilize dietary fat as an energy source, and consequently deposited excess energy supply as body fat reserves. Paspatis and Boujard 13 did not observe such a difference in fat deposition between Atlantic salmon fed 11 and 16% fat level diets by selffeeders, with both treatment groups showing similar growth performances. The DE and DCP/DE levels of the HF diet (19 MJ/kg and 21 g/MJ, respectively; Table 2 ) were slightly out of the range of recommended values for trout diets according to Cowey (14-17 MJ/kg, and 22-25 g/MJ) 23 and Cho and Kaushik (15-17 MJ/kg, and 22-24 g/MJ). 24 Thus, the HF diet was slightly low in DCP in proportion to its DE level, and results show that the DCP intake of the HF group was lowest among the treatments (Table 3 ). In addition, the HF group, due to the lowest dry feed intake, may have not sufficiently consumed other essential nutrients. This might partially explain the low growth and feed performance of the HF group. In contrast, Takeuchi et al. 25 revealed that the optimal CP and crude fat (CF) levels for trout diet were 35 and 18%, respectively, and the optimal DCP/DE value was 18 g/MJ. The CP (43%) and DCP/DE (21 g/MJ) values of our HF diet were higher than their optimal values. Takeuchi et al. 26 also observed that nutrient utilization was not markedly improved by inclusion of 10 to 20% fat to the high-protein (CP = 48%) trout diets. Therefore, the trout fed the HF diet in this study (CP = 43%, CF = 20%) might not have shown effective protein-sparing action by the supplemental fat. Takeuchi et al., 26, 27 however, observed that although trout fed a high-fat (CF = 20%) and high-protein (CP = 48%) diet deposited more visceral fat than trout fed lower fat level diets, the high-fat fed fish showed similar or even higher growth due to increased feed intake. The differences in growth and feed intake of high visceral fat trout between this study and Takeuchi et al. 26 ,27 might have resulted from different feeding regimens (hand feeding and selffeeding), although the exact reason is unclear.
Jobling and Miglavs 28 suggested that carcass or visceral fat levels of Arctic charr Salvelinus alpinus were inversely related to their feed intake. Shearer et al. 29, 30 also observed that chinook salmon Oncorhynchus tshawytscha with high body-fat levels took less feed than fish with low body-fat levels, and implied that the feed consumption was negatively related to body-fat level. In the present study, when the trout fed the HF diet deposited more body fat than the other treatment groups is unknown. The relationship between body-fat storage and voluntary feed intake may be more clearly explained by further examinations using self-feeders.
